Background-Capillary leakage with fluid loss into the third space contributes to many of the early systemic complications in severe acute pancreatitis. There has been increasing interest in endothelin as one of the factors aVecting capillary permeability. Aim-To elucidate further the role of endothelin in the development of capillary leakage in acute pancreatitis by investigating the eVect of exogenous endothelin administration and endothelin receptor blockade in sham operated animals and two models of acute pancreatitis. Methods-Determination of capillary permeability in the pancreas and colonic mucosa by quantifying extravasation of fluorescein labelled dextran using a novel computer assisted video image analysis system. Results-Pancreatic and colonic capillary permeability increased stepwise from mild to severe acute pancreatitis. Endothelin increased pancreatic and colonic capillary permeability in healthy animals and animals with mild acute pancreatitis but had no additional adverse eVect in severe acute pancreatitis. Endothelin receptor blockade decreased pancreatic capillary permeability in sham operated rats but had no eVect on the colon. In mild and severe acute pancreatitis, endothelin receptor blockade stabilised increased capillary permeability in both the pancreas and colon. Conclusions-Endothelin plays an important role in mediating capillary permeability in the pancreas. In severe pancreatitis, it increases capillary permeability even outside the pancreas, thereby contributing to capillary leakage. Endothelin receptor blockade significantly reduces capillary permeability in acute pancreatitis both in and outside the pancreas, suggesting a therapeutic approach to counteract capillary leakage in severe acute pancreatitis. (Gut 2000;46:390-394) 
Acute pancreatitis, a disease with high morbidity and mortality, can only be managed by supportive treatment. Early pathogenic events involve premature intrapancreatic protease activation and acinar cell injury causing a local and systemic inflammatory response mediated by (pro)inflammatory cytokines and secondary mediators. Recent research has suggested that the degree to which these mediators escape into the circulation correlates significantly with disease severity.
1-4 Disease severity not only comprises local tissue injury but also (maybe even more importantly) the systemic sequelae associated with systemic inflammatory response syndrome. Increased capillary permeability with subsequent fluid loss from the intravascular compartment into the third space is believed to contribute substantially to these systemic sequelae. 5 Therefore it is important to identify the dominant vasoactive mediators that increase capillary permeability. Vasoactive substances assumed to be involved include platelet activating factor, nitric oxide, bradykinin, prostaglandins, and endothelin. [6] [7] [8] [9] In the light of previous findings showing that endothelin receptor blockade ameliorates disease severity, 5 this study aimed to evaluate further how capillary permeability is aVected by endothelin-1, the most abundant and potent member of the endothelin family. Our underlying questions were as follows. (a) Does exogenous endothelin-1 increase capillary permeability in healthy rats? (b) Is the pancreas especially susceptible to endothelin-1, or are other organs similarly aVected? (c) Does exogenous endothelin-1 likewise increase capillary permeability in mild (associated with a normal endogenous endothelin-1 level and normal or slightly increased capillary blood flow and permeability) and severe (increased endogenous endothelin-1, decreased capillary blood flow, and increased permeability) acute pancreatitis? (d) How does endothelin receptor blockade (endothelin-1 receptor antagonist) influence capillary permeability in and outside the pancreas in healthy rats and in those with mild and severe acute pancreatitis?
Methods

ANIMAL PREPARATION AND INDUCTION OF
PANCREATITIS
All experiments were conducted in accordance with the national guidelines for the use and care of laboratory animals and were approved by the local ethics committee. After overnight fasting, male Sprague-Dawley rats (mean (SD) weight 330 (20)g) were anaesthetised with intraperitoneal pentobarbital (20 mg/kg) and ketamine (40 mg/kg). Polyethylene catheters (internal diameter 0.5 mm) were inserted into both jugular veins and the left carotid artery, subcutaneously tunnelled to the neck, and advanced through a steel tether, which allowed blood sampling and intravenous access in the unrestrained animals.
Mild oedematous acute pancreatitis was induced by a continuous intravenous infusion of 5 µg/kg/h cerulein (Farmitalia, Freiburg, Germany) over six hours, and severe necrotising acute pancreatitis by cerulein hyperstimulation superimposed on a standardised retrograde infusion of 0.5 ml of 10 mmol/l glycodeoxycholic acid (Sigma, St Louis, Missouri, USA) into the biliopancreatic duct for 10 minutes. As previously described, this technique requires mini-laparotomy for canulation of the biliopancreatic duct by puncturing the duodenum. 10 For comparison, laparotomy and canulation of the biliopancreatic duct was likewise performed in animals with mild pancreatitis (intravenous cerulein, intraductal saline) and healthy control animals (intravenous and intraductal saline infusion). As an improvement on the original technique, 10 a special infusion pump (IVAC 770; Lilly Medisintechnik, Giessen, Germany) was used for the pressure controlled (30 mm Hg), volume controlled (0.5 cm 3 ), and time controlled (10 minutes) intraductal glycodeoxycholic acid infusion.
STUDY PROTOCOL AND TREATMENT
Six hours after sham operation (n = 30 rats; group 1) or induction of mild (n = 30; group 2) or severe (n = 45; group 3) acute pancreatitis, animals were randomised into three groups for intravenous injection of normal saline 0.9% (A), 1.25 µg/kg/h endothelin-1 (B; provided by Knoll AG, Ludwigshafen, Germany), or 50 mg/kg of the endothelin-1 receptor antagonist LU-135252 (C; provided by Knoll AG).
Systemic cardiorespiratory variables were monitored over the next six hours. The animals were subsequently relaparotomised for intravital microscopic determination of capillary permeability.
DETERMINATION OF CAPILLARY PERMEABILITY
Capillary permeability was determined by intravital microscopy using the same technique and equipment as in previous studies. 11 12 Briefly, the abdomen was opened by a small midline incision. Either the duodenum together with the head of the pancreas or the ascending colon were mobilised and placed on a special stage for intravital microscopy. After a 10 minute stabilisation period, three randomly chosen regions (400 × 325 µm) in the head of the pancreas or the colonic mucosa (after antimesenteric enterotomy 13 ) were recorded. Subsequently 0.2 ml 5% fluorescein isothiocyanate labelled dextran (molecular mass 150 000 Da; Sigma, Deisenhofen, Germany) were injected, and, after 30 minutes, the same three regions were recorded for oV line determination of capillary permeability using a commercially available video image analysis system (Cap-Image, V.6.01; Zeintl, Heidelberg, Germany). This computer assisted system quantifies the increase in perivascular fluorescein intensity resulting from the extravasation of the fluorescence labelled dextran over time (here 30 minutes).
The total time needed for the exposure and recording of the microcirculatory beds was 60-90 minutes per animal. Heart rate, systolic and mean arterial pressure, and blood gases were measured before and after intravital microscopy. We only included data from animals in stable cardiorespiratory condition for analysis of the microcirculatory variables to avoid bias possibly resulting from systemic cardiorespiratory derangement. Exclusion criteria were: mean arterial pressure <80 mm Hg; PO 2 <80 mm Hg; PCO 2 >50 mm Hg; pH <7.3 or >7.5.
STATISTICAL ANALYSIS
All results are expressed as mean (SEM). Variables were tested for group diVerences with Student's t test and analysis of variance as appropriate. p<0.05 was considered to be significant.
Results
SHAM OPERATED ANIMALS
Endothelin-1 administration (group 1B) had no measurable eVect on the systemic cardiorespiratory variables except to produce an immediate transient decrease in systolic arterial blood pressure (10-30 mm Hg) which normalised within two to three minutes, followed by an increase in arterial blood pressure (30-40 mm Hg), which returned to baseline within 10-15 minutes. Blood pressure at later time points was not diVerent from sham operated animals given saline (group 1A). An increase in packed cell volume developed in all endothelin-1 treated animals (baseline 48 (1) v 54 (1) six hours after the start of endothelin-1 administration). Capillary permeability increased by 104% in the pancreas ( fig 1A) and 82% in the colon ( fig 1B) . Endothelin-1 receptor antagonist (group 1C) had no significant eVect on packed cell volume and cardiorespiratory variables; capillary fig 1A) but was not significantly aVected in the colon ( fig 1B) .
Figure 1 EVect of endothelin-1 (ET-1) and endothelin receptor antagonist (ET-RA) on capillary permeability (measured as the increase in perivascular density (%) 30 minutes after injection of fluorescein isothiocyanate labelled dextran 150) in the pancreas (A) and colon (B) of sham operated animals and animals with mild (EP) or severe (NP) acute pancreatitis. *p<0.05 compared with saline injected animals (Sal).
MILD PANCREATITIS
Compared with saline treated sham operated controls (group 1A), animals with oedematous acute pancreatitis given saline (group 2A) showed an increase in packed cell colume (48 (1) v 51 (1)) and capillary permeability in both the pancreas and colon (fig 2) . This increase was more pronounced in the pancreas than in the colon (114% increase in the pancreas compared with 82% increase in the colon). Cardiorespiratory variables remained unchanged. Endothelin-1 (group 2B) further increased packed cell volume (51 (1) v 55 (1)) and significantly increased capillary permeability by 40% in the pancreas and 69% in the colon (fig 1) . Endothelin-1 receptor antagonist (group 2C) significantly reduced packed cell volume (51 (1) v 47 (1)) and capillary permeability by 69% in the pancreas ( fig 1A) and 33% in the colon ( fig 1B) . Cardiorespiratory variables did not diVer significantly between the treatment groups.
SEVERE PANCREATITIS
All animals in which severe acute pancreatitis was induced developed significant haemoconcentration (packed cell volume 56 (1)) and showed an increase in heart rate and decrease in mean arterial pressure (compared with sham operated animals and animals with mild acute pancreatitis at six hours). However, no animal had to be excluded at this point according to the defined criteria. After treatment, four animals treated with saline developed cardiorespiratory insuYciency and died before intravital microscopy. Five animals given endothelin-1 and two animals treated with endothelin-1 receptor antagonist died before intravital microscopic determination of capillary permeability. All other animals were in stable cardiorespiratory condition at the time of intravital microscopy. There were no significant diVerences in cardiorespiratory variables between treatment groups. Packed cell volume, however, was significantly reduced in animals treated with the endothelin receptor antagonist (51 (1) v 56 (1)). Administration of endothelin did not further increase the packed cell volume. Two animals (one treated with saline, one treated with endothelin) that survived intravital microscopy could not be included in the final analysis of capillary permeability, because the final assessment of arterial blood gases indicated severe respiratory insuYciency (see exclusion criteria). Compared with untreated sham operated animals and untreated animals with mild pancreatitis, pancreatic and colonic capillary permeability in rats with severe pancreatitis given saline were significantly increased (248 (17)% in the colon and 284 (16)% in the pancreas) (fig 2) . Endothelin administration did not further increase capillary permeability in the pancreas and colon (fig 1A,B) . However, endothelin receptor antagonist decreased capillary permeability in the pancreas by 63% ( fig 1A) and in the colon by 90% (fig 1B) .
Discussion
Increased capillary permeability leading to fluid loss from the intravascular space and fluid sequestration into the third space is a hallmark of severe acute pancreatitis. Clinically, capillary leakage is reflected by intravascular fluid loss leading to hypovolaemia (low central venous pressure), haemoconcentration (high packed cell volume), and extravascular fluid sequestration-for example, in the retroperitoneum, lungs, and pleural and abdominal cavities. Factors believed to increase capillary permeability in severe pancreatitis include platelet activating factor, nitric oxide, bradykinin, prostanoids, and endothelin. 6-9 14 In this study, we report our findings with endothelin-1 and endothelin A receptor blockade (endothelin-1 receptor antagonist), which we chose on the basis of previous investigations showing that endothelin-1 aggravates acute pancreatitis whereas endothelin-1 receptor antagonist improves survival considerably. 5 Measurements of packed cell volume and extravascular fluid sequestration implied that these eVects were associated with the stablisation of increased capillary permeability. Therefore this study aimed to evaluate further the eVect of endothelin-1 and a specific endothelin-1 antagonist (LU-135252) on capillary permeability in two diVerent organ beds (pancreas and colon) of two acute pancreatitis models using direct intravital fluorescence microscopy and a novel computer assisted video image analysis system for quantitative assessment.
METHODOLOGICAL CONSIDERATIONS
The two models of acute pancreatitis (mild/ oedematous and severe/necrotising) have been extensively characterised histologically as well as by biochemical variables, systemic disease sequelae (including changes in fluid homoeostasis), and microcirculatory variables. 10 15 Intravital microscopy and quantification of capillary permeability by Cap-Image are also well established in our laboratory. As continuous extravasation of fluorescein isothiocyanate labelled dextran causes brightness of the microscopic picture, which compromises further measurements, capillary permeability could only be determined in one organ at a time. We therefore used five animals per group to determine capillary permeability in the pancreas and also in the colonic mucosa. The latter was chosen as a major site of fluid extravasation in capillary leakage syndrome because of its extensive surface and capillary density.
The endothelin-1 dose was chosen according to the manufacturer's recommendations, based on large scale experiments with this agent in small rodents 16 as well as on previous tests in our laboratory showing that doses lower than 0.5 µg/kg have no eVect on blood pressure or microcirculatory variables, whereas doses higher than 1.5 µg/kg cause pronounced changes in both macrohaemodynamic variables and microcirculation. The dose of 1.25 µg/kg was finally chosen because it was the highest dose that had no appreciable eVects on systemic cardiorespiratory variables except to cause an immediate transient fall in systolic arterial blood pressure followed by a transient increase in arterial blood pressure (see above). This intermittent depressor eVect, also observed by other investigators, [17] [18] [19] [20] is thought to result from the initial activation of nonselective endothelin B2 receptors located on the intraluminal side of endothelial cells mediating vasodilatation. This eVect, however, seems to be immediately counteracted by either rapid degradation of intraluminal endothelin-1 or a compensatory pressor response when endothelin-1 reaches the high aYnity endothelin A receptors on the vascular smooth muscle cells.
Plasma endothelin-1 levels were not measured in this experiment because it is generally accepted that it elicits its major eVects in a paracrine manner, while endoluminal endothelin-1 is rapidly degraded. 17 21 In a previous study, we found significantly elevated plasma endothelin-1 levels in the severe model but not in mild oedematous acute pancreatitis. 5 Depending on the dose, LU-135252 first blocks endothelin A receptors mainly found on vascular smooth muscle cells, which selectively bind endothelin-1 over endothelin-2 and endothelin-3 to mediate contraction. In higher doses, it also blocks the endothelin B receptors mediating dilatation. Details on the properties of LU-135252 have been reported elsewhere. 16 22 23 We chose a dose of 50 mg/kg for the present experiments, because doses as high as 100 mg/kg are well tolerated in rats and do not cause any appreciable changes in systemic haemodynamic variables (as shown in previous experiments 5 ). This dose has been shown to block endothelin-A receptors selectively (suggesting that the eVect of endothelin-1 on capillary permeability is primarily mediated by these receptors). This also agrees with the findings of other groups showing the inhibition of endothelin-1 induced plasma volume loss and reduced extravasation of Evans blue dye after treatment with other endothelin A receptor blockers 24 and with recent studies of our group showing that endothelin A but not endothelin B receptor blockade mediates capillary leakage in severe acute pancreatitis. 25 This also explains the diVerent results obtained with (non-selective) endothelin antagonists.
INTERPRETATION OF RESULTS
Incremental extravasation of fluorescein isothiocyanate labelled dextran in the pancreas from mild to severe acute pancreatitis indicates that the increase in capillary permeability correlates with the magnitude of local tissue injury. As there is no evidence from the literature or our own histological studies that the capillaries are injured, functional rather than morphological changes in the endothelium probably cause plasma extravasation. Although capillary permeability was significantly higher in severe acute pancreatitis, pancreatic oedema was similar or even more pronounced in mild acute pancreatitis (as scored histologically 5 ). This can be explained by the observation that the increase in capillary permeability is mainly confined to the pancreas in mild acute pancreatitis, whereas fluid also extravasates into the colon (and probably other capillary beds) in severe acute pancreatitis. Another reason for increased fluid loss from the pancreas in oedematous acute pancreatitis may be capillary blood flow, which is increased in mild acute pancreatitis but decreased in severe acute pancreatitis. 15 The fact that the increase in capillary permeability was more pronounced in the pancreas than in the colon in mild acute pancreatitis agrees with the observation that the disease process is largely confined to the pancreas: neither animals nor patients with mild acute pancreatitis develop significant systemic disease sequelae or complications. In contrast, extremely increased colonic capillary permeability in severe acute pancreatitis seems to reflect the systemic reactions discussed above.
The endothelin-1 induced increase in capillary permeability observed in otherwise healthy sham operated rats suggests that endothelin-1 also plays a role in mediating capillary permeability in other conditions such as trauma. This also agrees with other studies emphasising the eVect of endothelin on vascular permeability in various organs and tissues in conjunction with diseases and possibly under physiological conditions as well. 24 26 27 Failure of endothelin to increase capillary permeability further in severe acute pancreatitis indicates that all endothelin receptors were already saturated by endogenous endothelin-1 released in the course of severe acute pancreatitis. This is in accordance with our previous findings that endothelin-1 in plasma is significantly increased in severe acute pancreatitis (but normal in mild acute pancreatitis). 5 The fact that endothelin-1 has a dose dependent eVect and is only harmful at higher concentrations 28 would also explain the contradictory results observed with various doses of (exogenous) endothelin-1 in diVerent models of acute pancreatitis (with or without increased endogenous endothelin-1 levels or pre-existing microcirculatory disorders). 29 It is still unclear how endothelin-1 aVects vascular permeability and whether this eVect is associated with its well known action as a vasoconstrictor of precapillary and postcapillary vessels and venules. 30 An endothelin-1 associated increase in postcapillary resistance may elevate the hydrostatic pressure in the capillary bed, thereby enhancing fluid transfer from the intra-to the extra-vascular space. Alternatively, it is conceivable that endothelin-1 aVects capillary permeability by regulating interendothelial gaps through the contraction of vascular elements such as myosin and actin contained in endothelial cells and surrounding pericytes. 31 32 The endothelin-1 receptor antagonist induced decrease in capillary permeability observed in the pancreas but not in the colon of otherwise healthy sham operated rats suggests that endogenous endothelin-1 was released during organ exposure for intravital microscopy and that the pancreas was more susceptible to this manipulation, endothelin itself or both. Several investigators have previously shown that the pancreas is especially susceptible to endothelin-1. For example, exogenous endothelin-1 in doses not aVecting systemic haemodynamic variables significantly reduced pancreatic perfusion whereas other organsfor example, heart, lungs, liver-were not aVected or even showed increased blood flow. 33 This was explained by diVerent expression of endothelin receptors.
Capillary permeability in acute pancreatitis after endothelin-1 receptor antagonist treatment did not reach the values measured in healthy animals, which indicates that endothelin-1 is not the only mediator of capillary permeability in acute pancreatitis. This underlines the need to study further the eVects of other vasoactive substances and mediators on capillary permeability in future experiments.
In summary, these results answer our questions as follows. (a) There is a stepwise increase in capillary permeability from mild to severe acute pancreatitis. (b) Exogenous endothelin-1 increases capillary permeability in animals without pancreatitis and those with mild acute pancreatitis. (c) The endothelin-1 induced increase in capillary permeability is more pronounced in the pancreas than in the colon (suggesting that the pancreas is especially susceptible to endothelin). (d) Exogenous endothelin-1 does not further increase capillary permeability in severe acute pancreatitis (suggesting that all endothelin-1 receptors are already occupied by endogenous endothelin-1). (f) Endothelin-1 receptor antagonist reduces (increased) capillary permeability in mild and severe acute pancreatitis in and outside the pancreas. (g) In sham operated animals, only pancreatic capillary permeability is aVected (suggesting an important role for endothelin-1 in regulating pancreatic microcirculation).
In conclusion, these results underline the role of the endothelin system in mediating capillary permeability in acute pancreatitis and suggest that endothelin-1 blockade by specific endothelin receptor antagonists may become a powerful tool in the treatment of acute pancreatitis because they stabilise increased capillary permeability which contributes to many of the systemic sequelae in this disease.
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